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SUMMARY 
Local values of hea t - t ransfer  coe f f i c i en t s  and average f r i c t i o n  coef f i -  
c i en t s  were measured experimentally f o r  helium and hydrogen gases flowing 
through an  e l e c t r i c a l l y  heated tungsten tube with a length-to-diameter r a t i o  of 
77 f o r  the  following range of conditions:  l o c a l  surface temperatures up t o  
5600' R, l o c a l  Reynolds number from 7600 t o  39,500, l o c a l  r a t i o s  of surface t o  
bulk gas temperature up t o  5.6, and heat  flux up t o  1,700,000 Btu per hour per 
square foot .  
A comparison of l o c a l  hea t - t ransfer  coe f f i c i en t s  f o r  helium and hydrogen 
gases i s  made f o r  severa l  types of w a l l  temperature d i s t r i b u t i o n s  i n  order t o  
determine whether data  can be cor re la ted  by a Dittus-Boelter type equation. 
W a l l  temperature d i s t r i b u t i o n s  f o r  hydrogen a r e  compared w i t h  one f o r  
helium with the  r e s u l t  t h a t  any d issoc ia t ion  of hydrogen a t  the  tube w a l l  f o r  
w a l l  temperatures up t o  5200° R has l e s s  e f f e c t  on the  w a l l  temperature d i s t r i -  
but ion than does the  r a t i o  of surface t o  bulk gas temperature. 
INTRODUCTION 
Nuclear reactors ,  such as those proposed f o r  use i n  rockets  using hydro- 
gen as a propellant,  involve hea t  t r a n s f e r  with l a rge  va r i a t ions  i n  t h e  thermo- 
dynamic and t ranspor t  p roper t ies  of t he  gas. 
d i ssoc ia t ion  of t h e  f l u i d  o r  t o  l a rge  d i f fe rences  between surface and bulk gas 
temperatures or both. The r a t i o  of surface t o  gas temperature can be as la rge  
as 25 a t  t h e  i n l e t  of a nuclear r eac to r  i f  t he  surface temperature i s  5000' R 
and the  i n l e t  gas temperature i s  200° R. 
occur i n  t h e  f l u i d  adjacent t o  t h e  fueled surface through most of t h e  reac tor  
and w i l l  occur i n  the  bulk hydrogen a t  t he  r eac to r  ou t l e t .  The e f f e c t  of t he  
l a rge  va r i a t ions  i n  the  t r anspor t  p roper t ies  on t h e  hea t - t ransfer  character is-  
These va r i a t ions  can be due t o  
Some degree of d i ssoc ia t ion  w i l l  
t i c s  of hydrogen i s  very important i n  t h e  design considerations f o r  nuclear- 
rocket powered space vehicles.  
Considerable experimental da ta  showing t h e  e f f e c t  of surface t o  f l u i d  tem- 
perature r a t i o  on t h e  hea t - t r ans fe r  coe f f i c i en t  f o r  a i r  a re  presented i n  r e fe r -  
ence 1. A number of o ther  i nves t iga t ions  extending over t he  range of w a l l  tem- 
perature, pressure, and r a t i o  of surface t o  bulk temperature t h a t  include hel-  
ium, hydrogen, and nitrogen have been made and a re  presented i n  re ferences  
2 t o  6. The conditions f o r  which da ta  were obtained i n  references 1 t o  6 and 
i n  t h e  present i nves t iga t ion  a r e  shown i n  t a b l e  I. The present i nves t iga t ion  
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I gation 
w a s  intended (1) t o  extend the  range of surface t o  bulk temperature r a t i o  a t  
high surface temperatures and ( 2 )  t o  determine t h e  e f f e c t  of d i s soc ia t ion  a t  
t h e  surface on t h e  w a l l  temperature d i s t r ibu t ion .  The experiment was performed 
by flowing helium and hydrogen through an e l e c t r i c a l l y  heated tube. A r a t i o  of 
l o c a l  surface t o  bulk temperature of 5.6 and w a l l  temperatures as high as 
2 
56000 R were a t t a ined  a t  i n l e t  pressures  varying from 40 t o  100 pounds per 
square inch absolute.  
EXPERlMENTAL APPARATUS 
Arrangement 
A schematic diagram of t h e  arrangement of the  t e s t  apparatus used i n  t h i s  
E i the r  helium o r  hydrogen from a pressur- inves t iga t ion  i s  shown i n  f igu re  1. 
Molybdenum radiation shield 
,- Molybdenum radiation 
/-($in. diam.) 
1 2  
0 Tungsten radiation 
shield (I in. diam.) 
Section A-A 
I&,':%I",, dia m. ) 
Steel 
containment 
tank 
+I-- 
I '  w -- 
P r e s s u r e - r e g u l a t p  Flat-plate or i f ice 
valve 
CD-7750 
Figure 1. - Schematic diagram of arrangem'ent of test apparatus. 
Figure 2. - Experimental apparatus wi th 
containment tank removed. 
i zed  tank w a s  passed through the  pressure-regulating valve and a f l a t - p l a t e  
o r i f i c e  i n t o  a three-pass mixing tank with b a f f l e s  i n  the  center  passage. 
After  mixing, t he  gas w a s  passed through the  e l e c t r i c a l l y  heated t e s t  sec t ion  
i n t o  a second mixing tank and w a s  then exhausted i n t o  the  atmosphere through a 
vent stack. The t e s t  sec t ion  w a s  thermally insu la ted  with th ree  concentric ra- 
d i a t ion  shields .  The inner  sh i e ld  w a s  made of 0.010-inch-thick tungsten 1 inch 
i n  diameter; t he  middle and outer  sh ie lds  were made of 0.010-inch-thick molyb- 
denum 1- and 1- inches i n  diameter, respect ively.  Boron n i t r i d e  spacers were 
used t o  hold the  sh i e lds  i n  posi t ion.  The mixing tanks and the  t e s t - sec t ion  
assembly were housed i n  a vacuum-tight s t e e l  containment tank evacuated t o  
about 25 microns of mercury during t e s t  runs. 
apparatus with the  containment tank removed. 
1 1 
4 2 
Figure 2 shows the  experimental 
3 
E l e c t r i c  power w a s  supplied t o  the  t e s t  sec t ion  through water-cooled cop- 
per  tubing from a 208-volt 60-cycle supply l i n e  through a 100-kilovolt-ampere 
transformer cont ro l led  by a sa turable  core reactor .  The sa turable  core reac tor  
permitted voltage regula t ion  from approximately 3 t o  25 vo l t s .  
mean-square e l ec t ron ic  voltmeter w a s  used d i r e c t l y  t o  read the  po ten t i a l  across  
the  t e s t  section. Current w a s  read on an ammeter used with an 800 t o  1 s t e p  
down current  transformer and checked with a ca l ib ra t ed  shunt. 
A t r u e  root- 
Test  Sections 
The t e s t  sec t ion  used i n  t h i s  inves t iga t ion  was made of tungsten. Since a 
tungsten tube was not  ava i lab le  commercially, .it was necessary t o  f ab r i ca t e  it 
by d i s in t eg ra t ing  a hole i n  a tungsten rod. 
0.116f0.002-inch in s ide  diameter with a 15- t o  20-microinch root  mean square 
f i n i s h  o r  b e t t e r  and w a s  concentric with the  outs ide diameter t o  within a t o t a l  
i nd ica to r  reading of 0.006 inch. The outs ide diameter of t h e  tube was then 
ground t o  obtain a w a l l  th ickness  of 0.0625f0.002 inch with a surface f i n i s h  of 
32 microinch root  mean square o r  b e t t e r .  The tungsten tube w a s  joined t o  
water-cooled f langes  made of n icke l  and oxygen-free high conductivity copper 
with a furnace braze of 8 2  percent gold and 18 percent n icke l  a t  about 1830' F; 
t h i s  temperature i s  wel l  below the  r e c r y s t a l l i z a t i o n  temperature of tungsten. 
The t e s t  sec t ion  w a s  cycled between about 1000° and 5000O R approximately 20 
times i n  t h e  course of t h e  experiment, which t o t a l e d  about 25 hours of opera- 
t i o n  a t  temperatures of 4000° R or higher, and it d id  not fa i l .  
t i o n  had an entrance length  of 1 4  diameters before  the  heated section. 
symbols a re  defined i n  appendix A. ) 
The hole was lapped t o  
The t e s t  sec- 
(All 
Instrument a t  ion 
The outs ide w a l l  temperatures near the  entrance and the  e x i t  of the  t e s t  
se e t  ion were measured with 2 4-gage platinum- p l a t  inum- 13- percent - rhodium the  rmo- 
couples spot-welded along the  length as shown i n  f igu re  3. The temperature of 
Station 1 Pressure drop length, 91- 
Boron n i t r i de  spacer 7 
x Thermocouples 
o Voltage taps 
Figure 3. - Schematic diagram of test-section assembly showing thermocouple, voltage tap, and pressure tap 
locations. (A i l  dimensions in inches.) 
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most of t h e  t e s t  sec t ion  w a s  measured with a small-target disappearing- 
filament, o p t i c a l  pyrometer. More information on the  technique of temperature 
measurement used i n  t h i s  inves t iga t ion  can be found i n  appendix B. 
The temperature of t he  gas was measured a t  t he  entrance and the  e x i t  of 
t he  t e s t  se c t  ion with platinum- platinum- rhodium thermocouple s loca ted  down- 
stream of the  b a f f l e s  i n  t h e  two mixing tanks. 
The r ad ia t ion  sh ie lds  were a l so  instrumented with platinum-platinum- 
rhodium thermocouples as shown i n  f igure  3. S t a t i c  pressure t a p s  were located 
i n  t h e  entrance and the  e x i t  f langes  of t he  t e s t  sec t ion  and were read on 0- t o  
100-pounds-per-square-inch pressure gages having a fu l l - sca l e  accuracy of 
1/2 percent. Seven tantalum voltage t aps  were spot-welded along the  t e s t  sec- 
t i o n  t o  measure voltage drop as a funct ion of dis tance f r o m t h e  entrance; how- 
ever? only the  voltage t a p s  loca ted  a t  the  entrance and t h e  e x i t  remained on 
the  t e s t  sect ion when it w a s  heated. This arrangement permitted measurement 
only of t he  t o t a l  voltage drop across  the  tes t  section. 
METHOD OF CALCULATION 
Hydrogen Proper t ies  
The va r i a t ion  of t he  t ranspor t  and thermodynamic proper t ies  important i n  
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(a) Mole fraction of atomic hydrogen (refs. 8 and 9). 
Figure 4. - Variation of hydrogen properties with tem- 
perature at 1 atmosphere. 
c a l c d a t i b n s  of hea t - t ransfer  and f r i c -  
t i o n  coe f f i c i en t s  i s  shown i n  f igu re  4 as 
a funct ion of temperature f o r  a pressure 
of 1 atmosphere ( d a t a  from re f s .  7 t o  12 ) .  
The e f f e c t  of pressure on the  proper t ies  
of hydrogen w a s  not taken i n t o  considera- 
t i o n  s ince t h e  pressure w a s  near 1 atmo- 
sphere a t  po in ts  i n  t h e  t e s t  sect ion 
where the  temperature was high enough f o r  
the  pressure e f f e c t  on d issoc ia t ion  t o  be 
appreciable. Figure 4 (a )  shows the  mole 
f r a c t i o n  of atomic hydrogen x1 present 
a t  any temperature and w a s  taken from 
references 8 and 9. The thermal conduc- 
t i v i t y  k and t h e  absolute  v i scos i ty  p 
from references 8 t o  1 2  f o r  equilibrium 
dissoc ia t ing  hydrogen i s  shown i n  f igu res  
4(b)  and ( e ) .  Chemically frozen thermal 
conductivity, which does not  include the  
chemical reac t ion  term, w a s  taken from 
reference 9 and i s  a l s o  shown i n  f igu re  
4(b). The experimental thermal conduc- 
t i v i ty  da ta  shown i n  f igu re  4(b) a re  from 
reference 7 and a re  the  only data at  high 
temperatures ava i lab le  a t  present.  The 
values of thermal conductivity used i n  
t h i s  inves t iga t ion  a r e  represented by the  
5 
s o l i d  l i n e  t h a t  w a s  ca lcu la ted  by use of the  v i s c o s i t y  and thermal conductivity 
of hydrogen atoms and molecules from t a b l e  I11 of reference 11 and t h e  heat  of 
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Figure 4. - Concluded. Variation of hydrogen properties with temperature at 1 atmosphere. 
dissoc ia t ion  from t a b l e  XXX of reference 12.  The values of spec i f i c  heat  f o r  
equilibrium dissoc ia t ing  hydrogen a t  constant pressure cp shown i n  f igu re  
4(d)  were taken from references 8 and 9 and a re  i n  complete agreement. The 
chemically frozen s p e c i f i c  heat, which does not include the  chemical reac t ion  
term, w a s  taken from reference 9. The r a t i o  of spec i f i c  hea t s  y i s  taken 
from references 8 and 9 and i s  shown i n  f igu re  4 ( e ) .  
very good agreement a t  temperatures below 3700' R, a range t h a t  more than 
covers t he  bulk gas temperatures i n  t h i s  inves t iga t ion .  
w a s  taken t o  be 766.4 foot-pound per pound m a s s  OR. 
The two references a r e  i n  
The gas constant R 
Helium Proper t ies  
The t ranspor t  propert ies ,  thermal conductivity k and absolute v i scos i ty  
for helium used i n  ca lcu la t ions  of t h i s  i nves t iga t ion  a re  shown i n  f igu re  5 p 
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I - . . . . . . .. .. - .- . .. . .. . . . . . . 
as a funct ion of temperature. 
reference 11 are  shown along with experimental po in ts  from reference 7. The 
l ack  of agreement between experiment and theory even f o r  a monatomic gas indi-  
ca t e s  t h e  g rea t  need f o r  more experimental measurements of thermal conductivity 
of gases a t  high temperatures. The spec i f i c  hea t  a t  constant pressure c P w a s  
taken t o  be constant a t  1.248 Btu/(lb)(OR), t h e  r a t i o  of spec i f i c  hea ts  y t o  
be 1.667, and t h e  gas constant 
The t h e o r e t i c a l  values  taken from t a b l e  I11 of 
R t o  be 386 foot-pounds per  pound mass OR. 
,’ 
/’ 
Physical  Proper t ies  of Tungsten and Molybdenum 
Figure 6 shows both t h e  thermal conduct ivi ty  k and t h e  e l e c t r i c a l  r e s i s -  
t i v i t y  pe of tungsten p l o t t e d  as a funct ion of temperature. The experimental 
thermal conductivity da ta  f o r  t h e  temperature range of 2000° t o  3f33Oo R were 
taken from reference 13 and extrapolated,  as shown by t h e  dashed l i ne ,  t o  cover 
t h e  range of t h i s  inves t iga t ion .  
references 13 and 14, which a re  i n  agreement t o  within 3 percent. 
reference 1 4  and i s  shown i n  f igu re  7 as a funct ion of temperature. The spec- 
t r a l  emissivity a t  a wavelength of 0.650 micron w a s  taken from reference 15 
and i s  a l s o  shown i n  f igu re  7. 
s i v i t y  i s  given i n  appendix B. 
The e l e c t r i c a l  r e s i s t i v i t y  w a s  taken from 
The normal t o t a l  emiss iv i ty  of both tungsten and molybdenum w a s  taken from 
A discussion of t h e  use of t he  spec t r a l  emis- 
- _  
I J  
/ 
/ 
0 
Temperature, T, OR 
I f x) 
Figure 7. - Variation of emissivity of tungsten and molybdenum wi th  temperature. 
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Fr ic t ion  Coeff ic ients  
Because of t he  g rea t  d i f f i c u l t y  i n  loca t ing  s ta t ic -pressure  t aps  along the  
tungsten t e s t  section, only the  ove ra l l  pressure drops were measured, and, 
therefore,  only average f r i c t i o n  coef f ic ien ts  were calculated.  The f r i c t i o n  
pressure drop w a s  obtained by subtract ing the  calculated momentum pres- 
sure drop 4m0m from the  t o t a l  measured s ta t ic -pressure  drop 4 across the  
t e s t  s ec t  ion: 
4fr 
where tl and t2 are  the  absolute s t a t i c  temperatures a t  t h e  entrance and 
the  e x i t  of the  t e s t  section, respectively,  and p1 and p2 a re  t h e  s t a t i c  
pressures a t  the  entrance and the  e x i t  of the  tes t  section, respectively.  The 
s t a t i c  temperatures were calculated from measured values of t h e  gas flow, t h e  
s t a t i c  pressure, and the  t o t a l  temperature by the  following equation: 
This equation was obtained by combining the  per fec t  gas l a w ,  t he  equation of 
continuity, and the  energy equation. Since the  r a t i o  of spec i f i c  hea ts  y f o r  
hydrogen var ies  with temperature, t he  s t a t i c  temperature was calculated twice, 
once with t h e  spec i f i c  heat r a t i o  evaluated a t  the  t o t a l  temperature and once 
evaluated a t  t h e  s t a t i c  temperature. The two s t a t i c  temperatures thus calcu- 
l a t e d  var ied l e s s  than 3 percent of the  difference between to ta l  and s t a t i c  
temperature. 
The average f r i c t i o n  coef f ic ien t  w a s  calculated from the  r e l a t i o n  
where the  densi ty  pav w a s  evaluated from 
of the  gas 
gpav 4 f r  
2 4 Gz D 
(3) 
t he  s t a t i c  pressure and temperature 
P + P  
Pav  = + (t: + t:) 
Heat-Transfer Coeff ic ients  
( 4 )  
Only l o c a l  hea t - t ransfer  coef f ic ien ts  were calculated s ince the  heat f l u x  
var ied by a f a c t o r  of as much a s  7.5 from t h e  entrance t o  the  e x i t  of t he  t e s t  
section, as  can be seen f r o m t h e  wal l  temperature d i s t r ibu t ions  shown i n  f ig-  
9 
0 
I . I I I I  
A Thf 
Distadce o Optical pyrometer temperature- 
from - 
inlet, - 
XID 1 I 3rd increment q5.4 23.1' diam diam c 
14 21 28 35 
Distance from ii 
e ten 
9 
-G- 
p' 
P 
 ti 56 
d ,  diam 
sratui 
/J 
+ M 
P 
63 70 77 
Figure 8. - Comparison of outside wall temperature distributions for increasing 
amounts of heat input to hydrogen flowing at a constant mass flow rate of 
3.8 pounds per hour. 
ure 8 and the  resist ivity of 
tungsten i n  f igu re  6. Local 
coe f f i c i en t s  were approxi- 
mated by dividing the  t e s t  
sec t ion  length i n t o  10 equal 
increments and by evaluat ing 
average coe f f i c i en t s  f o r  
these  small increments. 
The procedure used t o  
ca l cu la t e  t h e  l o c a l  heat- 
t r a n s f e r  coe f f i c i en t  i s  as 
follows: 
(1) The r a t e  of heat  
conduction i n t o  and away 
from each increment was cal-  
culated by means of t he  
equation 
where dT/dL i s  the  slope 
of t h e  a x i a l  w a l l  tempera- 
t u r e  d i s t r i b u t i o n  a t  t he  end 
of each increment. 
( 2 )  Local r ad ia t ion  
heat l o s s  from the  t e s t  sec- 
t i o n  t o  t h e  outer  r ad ia t ion  
sh ie ld  w a s  ca lcu la ted  by 
( 6 )  
(3) The r a t e  of e l e c t r i c a l  heat  generation i n  each increment &e w a s  cal-  
culated by multiplying the square of the current  through the  t e s t  sect ion by 
t h e  r e s i s t ance  taken from f igu re  6 f o r  t he  average w a l l  temperature of t h e  in- 
crement. 
(4) A heat  balance f o r  each increment was s e t  up s t a r t i n g  a t  the  entrance 
It was possible  t o  ca lcu la te  t he  r a t e  of heat  t r a n s f e r  t o  the  gas 
increment from equation (7) .  
crement could be ca lcu la ted  by means of t h e  equation 
Q f o r  each 
The bulk temperature of t he  gas leaving each in- 
10 
where Tin i s  the  bulk temperature of t he  gas en ter ing  t h e  increment and Tout 
i s  the  bulk temperature of t he  gas leaving the  increment. This ca lcu la t ion  w a s  
repeated f o r  each succeeding increment, and the  ca lcu la ted  temperature of t he  
gas leaving the  l a s t  increment was used as the  e x i t  gas temperature. This tem- 
perature  w a s  used along with t h e  measured e x i t  gas temperature, t he  gas flow 
ra t e ,  and the  physical  p roper t ies  to determine hea t - t ransfer  coe f f i c i en t s  from 
t h e  Dittus-Boelter equation. The heat- t ransfer  coe f f i c i en t  w a s  used t o  calcu- 
l a t e  t h e  r a t e  of heat  t r a n s f e r  t o  the  water-cooled e x i t  flange. 
(5)  I n  general, t he  sum of the  l o c a l  r ad ia t ion  heat  l o s ses  and the  end 
lo s ses  w a s  found t o  account f o r  more than 80 percent of t h e  difference between 
the  r a t e  of e l e c t r i c a l  heat  input  t o  the  t e s t  sec t ion  and the  r a t e  of heat  
t r a n s f e r  t o  the  gas. Each l o c a l  r ad ia t ion  heat  l o s s  and the  two end lo s ses  
were mul t ip l ied  by the  r a t i o  of t o t a l  heat l o s s  t o  t h e  sum of l o c a l  heat l o s ses  
and the  two end lo s ses  for adjustment t o  give an o v e r a l l  heat  balance of 
100 percent. 
( 6 )  A new heat  balance w a s  s e t  up by use of t he  adjusted l o c a l  heat  l o s ses  
and equation ( 7 ) ,  and t h e  r a t e  of heat  t r a n s f e r  to t he  gas Q w a s  calculated.  
The bulk temperature of t h e  gas leaving each increment w a s  calculated by means 
of equation ( a ) .  
( 7 )  The l o c a l  bulk temperature and the  l o c a l  surface temperature along 
with the  r a t e  of heat  t r a n s f e r  t o  the  gas and the  hea t - t ransfer  a rea  f o r  t he  
increment were used t o  ca l cu la t e  t h e  l o c a l  hea t - t ransfer  coe f f i c i en t  
The temperature drop through the  wal l  w a s  ca lcu la ted  and found t o  be very s m a l l  
compared w i t h  the  difference between surface 
fore,  w a s  neglected. 
The l o c a l  Nusselt number w a s  calculated 
hD Nu = - k 
and bulk temperatures and, there- 
by means of t he  r e l a t i o n  
mSTILTS AND DISCUSSION 
Axial W a l l  Temperature Di s t r ibu t ions  
Five representa t ive  a x i a l  outs ide w a l l  temperature d i s t r ibu t ions  a re  
p lo t t ed  as a funct ion of the  dis tance from the  i n l e t  f o r  a tungsten tube with a 
t o t a l  length t o  diameter r a t i o  of 77 ( f ig .  8) .  Thermocouple and o p t i c a l  pyrom- 
e t e r  measurements f o r  each run a re  a l so  shown i n  the  f igure .  Experimental da ta  
f o r  a l l  runs a re  summarized i n  t a b l e  I1 ( see  pp. 27 t o  3 2 ) .  The w a l l  tempera- 
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t u r e  d i s t r i b u t i o n s  shown i n  f igu re  8 a re  f o r  hydrogen but  a r e  a l s o  t y p i c a l  of 
those obtained f o r  helium. 
nearly constant, while t h e  power input w a s  increased t o  higher l eve l s .  
r e l a t i v e l y  l a rge  increase  i n  w a l l  temperature i n  t h e  entrance ha l f  of t h e  tube, 
as power input i s  increased, i s  a r e s u l t  of two f ac to r s .  F i r s t ,  t h e  r a t i o  of 
surface t o  bulk f l u i d  temperature i s  increased, which i s  accompanied by a de- 
crease i n  hea t - t ransfer  coe f f i c i en t  t h a t  f u r t h e r  increases  t h e  surface tempera- 
t u re .  Second, t h e  e f f e c t  of increas ing  t h e  r a t i o  of surface t o  bulk f l u i d  tem- 
perature i s  magnified by t h e  increased e l e c t r i c a l  r e s i s t i v i t y  of tungsten a t  
higher temperatures. The l a rge  a x i a l  temperature grad ien ts  a t  t h e  entrance and 
t h e  e x i t  of t h e  t e s t  s ec t ion  a r e  t h e  r e s u l t  of conduction lo s ses  t o  t h e  con- 
necting flanges, t h e  mixing tanks, and t h e  e l e c t r i c a l  connectors. 
For runs 1 7  t o  21, t he  m a s s  flow r a t e  was kept 
The 
It w a s  thought t h a t  t h e  best way of determining t h e  e f f e c t  of d i s soc ia t ion  
~ ' ~ ( c d ) ~  Heat-transfer 
rate, - 
Q. - 
Btulhr 
o Hydrogen r u n  19 13.65 M,894 - 
o Hydrogen r u n  20 13.46 24,035 - 
5 i l l  Helium r u n  15 14.04 21,279 
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Figure 9. - Comparison of outside wall temperature distributions and gas tem- 
peratures of hydrogen and helium for mass flow rate ratio inversely propor- 
tional to ratio of specific heats, W H ~ / W H ~  - (c,JH~/(c,JH~ 
a t  t h e  w a l l  w a s  t o  compare 
t h e  w a l l  temperature d i s t r i -  
bution for hydrogen with t h e  
w a l l  temperature d i s t r ibu -  
t i o n  f o r  helium under t h e  
same conditions. It can be 
shown t h a t  when t h e  product 
of flow r a t e  w and spe- 
c i f i c  heat cp of hydrogen 
i s  equal t o  t h a t  f o r  helium 
and t h e  heat input t o  hydro- 
gen i s  equal t o  t h e  heat in -  
put t o  helium, then t h e  
hea t - t ransfer  coe f f i c i en t  
and t h e  w a l l  temperature 
d i s t r i b u t i o n s  f o r  helium and 
hydrogen should be essen- 
t i a l l y  t h e  same i f  dissocia- 
t i o n  does not a f f e c t  t h e  
hea t - t ransfer  coef f ic ien t .  
The f i r s t  two conditions 
were approached qui te  
c lose ly  by helium run 15 and 
hydrogen run 19. The heat 
input w a s  2 percent l e s s  and 
t h e  product of flow r a t e  and 
spec i f i c  heat was 3 percent 
l e s s  f o r  t h e  hydrogen run 
than f o r  t he  helium run, 
while t h e  hea t - t ransfer  co- 
e f f i c i e n t s  were 10 t o  15 
percent higher f o r  hydrogen 
than f o r  helium. The w a l l  
temperature d i s t r i b u t i o n  f o r  
helium run 15 and hydrogen 
runs 1 9  and 20 a re  shown i n  
f igure  9 as a func t ion  of 
12 
distance from the  i n l e t .  
ence between the  w a l l  temperatures of runs 15 and 19  occurs where the  w a l l  tem- 
perature  i s  too  low f o r  d i ssoc ia t ion  t o  occur. 
t i o n  a t  the  tube w a l l  has l e s s  e f f ec t  on t h e  w a l l  temperature d i s t r i b u t i o n  than 
does the  r a t i o  of surface t o  bulk gas temperatures. 
t r i b u t i o n  f o r  hydrogen run 20 i s  a l so  shown i n  f igu re  9 and appears t o  be qui te  
s i m i l a r  t o  helium run 15. 
1 2  percent g rea t e r  than the  heat input t o  the  helium, and the  product of flow 
r a t e  and spec i f i c  heat  f o r  hydrogen w a s  about 4 percent lower than  t h a t  f o r  
helium, which r e s u i t s  i n  hydrogen hea t - t ransfer  coe f f i c i en t s  25 t o  30 percent 
higher than those f o r  helium. 
and the  two hydrogen runs are shown i n  f i g u r e s  l O ( a )  and (b ) .  The parameters 
It can be seen i n  f igu re  9 that  the  l a r g e s t  d i f f e r -  
It appears t h a t  any dissocia- 
The w a l l  temperature dis- 
For t h i s  run, t h e  heat  input t o  the  hydrogen i s  
The hea t - t ransfer  parameters f o r  t he  helium run 
2.0 to2.4 
0 2.5tO 2.9 
A 3.0t03 .4  
v 3.5 to3.9 
h 4.0 to4 .4  
9 5.0 to5 .4  
Open symbols denote 
helium run 15 
Solid symbols denote 
hydrogen run M 
4.5t04 .9  
2 3 4  6 
GD Tb Modified film Reynolds number, Ref = - i- 
P f  f 
(a) Runs 15 and 19. (b) Runs 15 and 20. 
Figure 10. -Comparison of local heat-transfer coefficients for helium and hydrogen. 
f o r  t he  hydrogen.runs ( p a r t i c u l a r l y  run 19) compare qui te  c losely with those 
f o r  helium. 
F r i c t i o n  Coeff ic ien ts  
Only average f r i c t i o n  coe f f i c i en t s  were measured i n  t h i s  invest igat ion.  
The f r i c t i o n  coe f f i c i en t s  f o r  helium and hydrogen both with and without heat  
addi t ion a re  shown i n  f igu res  l l ( a )  and (b) ,  respect ively.  The l i n e  represent- 
ing the  K&rm&-Nikuradse r e l a t i o n  between f r i c t i o n  coef f ic ien t  and Reynolds 
number f o r  tu rbulen t  flow given by 
and the  laminar flow l i n e  given by 
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Figure 11. - Correlation of average fr ict ion coefficients. Viscosit and density evalu- 
ated at bulk temperature. Kirmhn-Nikuradse relation, Ud- 2 l o g ( R e b W )  
- 0.8; laminar flow, fb/2 = 8/Reb. 
- = -  f 8  
2 Re 
1x103 
a r e  included i n  f igu re  11 f o r  comparison. 
a r e  i n  good agreement with the  K&m&-Nikuradse r e l a t ion .  The hydrogen runs 
with  heat  addi t ion  a r e  i n  agreement with the pred ic ted  l i n e  above a Reynolds 
number of 20,000 and i n  agreement with the data of references 3 and 6, which 
f a l l  above the  K&dn-Nikuradse l i n e  below a Reynolds number of 20,000. The 
few runs using helium f a l l  somewhat higher than  e i t h e r  t h e  predicted l i n e  o r  
t he  data  of references 3 and 6. 
A s  would be expected, t he  hydrogen and helium runs with no --eat a - l i t i on  
Heat-Transfer Coeff ic ien ts  
I n  the  present  invest igat ion,  only l o c a l  hea t - t ransfer  coe f f i c i en t s  were 
calculated.  The r e s u l t s  of reference 3 f o r  helium ind ica t e  that  l o c a l  heat- 
t r a n s f e r  coe f f i c i en t s  can be cor re la ted  by use of a modified Reynolds number, 
evaluation of the physical  p roper t ies  and the  dens i ty  a t  e i t h e r  t he  f i l m  o r  t he  
surface reference temperature, and use of an appropriate  constant, as shown i n  
the  following equations: 
14 
I 
A s  s t a t e d  i n  reference 3, evaluating t h e  f l u i d  proper t ies  a t  t he  surface 
temperature r e s u l t s  i n  a s l i g h t l y  b e t t e r  co r re l a t ion  than t h a t  given by evalu- 
a t i n g  the  proper t ies  a t  the  f i l m  temperature, although the  constant i s  higher 
than t h a t  given i n  the  l i t e r a t u r e .  
gat ion a r e  shown i n  f igu re  12(a)  with the  f l u i d  proper t ies  evaluated a t  the 
f i l m  temperature and i n  f igu re  12(b) with the  proper t ies  evaluated a t  t he  sur- 
face  temperature. 
A l l  the  helium da ta  of the  present inves t i -  
There i s  considerable spread i n  t h e  da ta  when each reference 
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(d) Fluid properties evaluated at surface tempera- 
ture: runs 12 and 13. 
Figure 12. - Correlation of local heat-transfer coefficients for hel ium. 
15 
temperature i s  used. This i s  not a random s c a t t e r  as it appears but  has def- 
i n i t e  t rends  t h a t  depend on the  shape of t he  wall temperature d i s t r i b u t i o n  and 
the  power input.  If the  w a l l  temperature d i s t r i b u t i o n  i s  similar i n  shape t o  
run 17, shown i n  f igu re  8, the  da ta  correlate ,  as shown i n  f igu res  12 (c )  and 
(a). It can be seen t h a t  t he  da ta  co r re l a t e  b e i t e r  i f  t he  f l u i d  p rope r t i e s  are 
evaluated a t  t he  surface temperature. If the  w a l l  temperature d i s t r i b u t i o n  re- 
sembles t h a t  of runs 18 t o  21, ne i the r  reference temperature co r re l a t e s  t he  
da ta  s a t i s f a c t o r i l y  ( see  f i g s .  12 (e )  and ( f ) ) .  It i s  not apparent from f igu res  
1 2 ( e )  and ( f ) ,  but  these  da ta  do not f a l l  with random s c a t t e r  e i the r ,  but  
r a t h e r  with a d e f i n i t e  t r end  from run t o  run. To show the  t r end  i n  da ta  with 
the  f l u i d  proper t ies  evaluated a t  the  various reference temperatures, Nu/Pro- 
i s  p lo t t ed  as a funct ion of modified Reynolds number i n  f igu re  13 f o r  runs 1 2  
and 15, which a re  t y p i c a l  of two shapes of w a l l  temperature d i s t r ibu t ions .  The 
f l u i d  proper t ies  a r e  evaluated a t  bulk, f i lm, and surface temperatures. The 
diffeyence i n  t rends  betwEen runs 1 2  and 15 can e a s i l y  be seen. 
2 3 4 6 8 1 0  a 30 40Xld 1 2 3 4 6 8 1 0  a x  
Modified surface Reynolds number, Re, = E3 
(fl Fluid properties evaluated at surface tempera- 
GD Tb Modified film Reynolds number, Ref = -- 
(e) Fluid properties evaluated at film temperature; 
runs 14to 16. 
Pf Tf Ps Ts 
ture; runs 14 to 16. 
Figure 12. - Concluded. Correlation of k a l  heat-transfer coefficients for helium. 
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Figure 13. -Comparison of effed of using fluid properties evaluated at bulk, film, and 
surface temperatures on correlation of local heat-transfer coefficients for two helium 
runs. 
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Figure 14 (a )  shows a l l  the  hydrogen da ta  with the  f l u i d  proper t ies  evalu- 
a t ed  only a t  the  f i l m  temperature. 
f o r  d i ssoc ia t ion  t o  occur. 
c r i t e r i o n  of w a l l  temperature d i s t r i b u t i o n  shape. 
run 1 7  of f igu re  8 a r e  p l o t t e d  i n  f igu res  14(b)  and ( c )  w i t h  t he  f l u i d  proper- 
t i e s  evaluated a t  the  f i l m  and the  surface temperatures, respect ively.  For 
these  runs, the  surface temperature i s  below t h e  temperature a t  which dissocia-  
t i o n  has an appreciable e f f e c t  on the  f l u i d  propert ies .  
hydrogen data  cor re la te  b e s t  when the  f l u i d  proper t ies  a re  evaluated a t  t he  
surface temperature. 
0.0245. 
a r e  shown i n  f igu re  14(d)  with the  f l u i d  proper t ies  evaluated a t  t he  f i l m  tem- 
perature.  
da ta  t h a t  do not co r re l a t e  very wel l  by conventional methods. The e f f e c t s  of 
reference temperature and the  use of both equilibrium dissoc ia t ing  and chemi- 
c a l l y  frozen t r anspor t  and thermodynamic proper t ies  a re  shown i n  f igu re  15. 
The reason f o r  a low value of f o r  equilibrium dissoc ia t ing  proper- 
The f i l m  temperature w a s  not high enough 
Again the  da t a  can be separated according t o  t he  
The runs having the  shape of 
A s  w i t h  helium, the  
The constant 0.0265 f o r  helium has been replaced by 
Runs with w a l l  temperature d i s t r i b u t i o n  of t he  shapes of runs 18 t o  2 1  
A s  w i t h  helium, t h i s  type of w a l l  temperature d i s t r i b u t i o n  y i e l d s  
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and 18 to 23. 
Figure 14. - Correlation of local heat-transfer coefficients for hydrogen. 
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Figure 15. - Comparison of effect of using fluid properties evaluated 
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transfer coefficients with equilibrium dissociating and chemically 
frozen transport and thermodynamic properties for hydrogen r u n  20. 
t i e s  i s  the  la rge  increase i n  
the  thermal conductivity with 
increasing temperature. 
The da ta  of t h i s  inves- 
t i g a t i o n  ind ica te  t h a t  l i t t l e  
d i f fe rence  i s  made by the  use 
of f i l m  o r  surface reference 
temperature t o  pred ic t  heat- 
t r a n s f e r  coe f f i c i en t s  ( f i g .  
15). It i s  important, how- 
ever, t h a t  the chemically 
f rozen t ranspor t  and thermo- 
dynamic proper t ies  be used 
r a t h e r  than the  equilibrium 
d i s soc ia t ing  propert ies .  The 
r e s u l t  of using chemically 
f rozen and equilibrium dis- 
soc ia t ing  proper t ies  can be 
seen i n  f igu re  15. 
vious from t h i s  f i gu re  t h a t  
a b e t t e r  method of correla-  
t i o n  i s  needed. 
It i s  ob- 
Data have been obtained 
i n  t h i s  inves t iga t ion  t h a t  
agree with previous co r re l a t ions  i n  the  l i t e r a t u r e  using modified Reynolds num- 
ber  and proper t ies  evaluated a t  f i lm  o r  surface temperature; however, some da ta  
obtained with la rge  a x i a l  gradients  i n  heat  f l u x  and surface temperature near 
t he  entrance of t he  t e s t  sec t ion  introduce deviat ions of +30 percent from the  
correlat ion.  
SUMMARY OF RESULTS 
The following r e s u l t s  were obtained i n  an inves t iga t ion  of heat t r a n s f e r  
and pressure drop f o r  helium and hydrogen a t  pressures  of 40 t o  100 pounds per 
square inch flowing through a tungsten tube a t  surface temperatures up t o  
5600' R: 
1. Any d issoc ia t ion  a t  the  tube surface has l e s s  e f f e c t  on the  wa l l t em-  
perature  d i s t r i b u t i o n  than does the  r a t i o  of surface t o  bulk gas temperatures 
a t  surface temperatures up t o  52000 R. 
2. Most l o c a l  heat- t ransfer  da ta  agree t o  within +lo percent when corre- 
l a t e d  by using the  Dittus-Boelter equation and chemically frozen viscosi ty ,  
thermal conductivity, and spec i f ic  heat.  These physical  p roper t ies  and densi ty  
were evaluated a t  e i t h e r  t h e  f i lm  o r  the  surface temperature. Some data ob- 
ta ined  with l a rge  axial gradien ts  i n  heat  f l u x  and surface temperature near the  
t e s t  sect ion entrance introduce deviat ions of +30 percent from the  cor re la t ion  
equation. 
3. F r i c t i o n  coe f f i c i en t s  without heat  addi t ion  are i n  good agreement with 
18 
the  K&”n-Nikuradse re la t ion .  F r i c t i o n  coef f ic ien ts  with heat  addi t ion a re  i n  
poor agreement with the K&“n-Nikuradse l i n e  below a Reynolds number of about 
20,000 but  a r e  i n  good agreement with the  da ta  of other  invest igators .  
Lewis Research Center 
National Aeronautics and Space Administration 
Cleveland, Ohio, January 31, 1964 
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APPENDIX A 
f 
G 
I 
SYMBOLS 
surface a rea  of inner  r ad ia t ion  shield,  s q  f t  
surface a rea  of middle r ad ia t ion  shield,  sq f t  
surface a rea  of ou ter  r ad ia t ion  shield,  sq f t  
outs ide surface a rea  of t e s t  section, sq f t  
cross-sect ional  a rea  of tube w a l l ,  sq f t  
r ad ia t ion  constant, 25,891 (micron) (OR), appendTx B 
spec i f i c  heat  of t he  gas a t  constant pressure, Btu/( lb)(oR) 
ins ide  diameter of t e s t  section, f t  
p o t e n t i a l  drop, v 
configurat ion f a c t o r  f o r  r ad ia t ion  
f a c t o r  t o  allow f o r  the  departure of the  t e s t  s e c t - m  and inner  rad i -  
1 a t i o n  sh ie ld  surfaces  from complete blackness, 
1 
f a c t o r  t o  allow f o r  t he  departure of inner  and middle r ad ia t ion  
1 sh ie lds  from complete blackness, 
f a c t o r  t o  allow f o r  t he  departure of middle and outer  rad ia t ion  
1 sh ie lds  from complete blackness, 
average f r i c t i o n  coe f f i c i en t  
mass flow per  u n i t  cross-sect ional  area, l b / ( h r ) (  sq f t )  
acce lera t ion  due t o  gravity,  4. 17X1O8 f t / h r 2  
l o c a l  hea t - t ransfer  coef f ic ien t ,  Btu/(hr)  (sq f t )  (OR) 
current,  amp 
20 
I 
k 
k t  
L 
NU 
Pr  
P 
b f r  
amom 
Q 
QC 
Qe 
Qr 
R 
Re 
r 
S 
T 
Tb 
Tbb 
Tbr 
Tf  
Tin 
Tout 
Tr3 
TS 
thermal conductivity of gas, Btu/(hr)  ( f t )  (OR) 
thermal conductivity of t e s t  sec t ion  material, Btu/( h r )  ( f t )  (OR) 
heat - t ransfer  length of t e s t  section, f t  
Nusselt number based on l o c a l  hea t - t ransfer  coef f ic ien t ,  hD/k 
Prandt l  number, cpy/k 
absolute s t a t i c  pressure, lb/sq f t  
ove ra l l  s ta t ic -pressure  drop across  t e s t  section, 1b/sq f t  
f r i c t i o n  s ta t ic -pressure  drop across  t e s t  section, lb/sq f t  
momentum s ta t ic -pressure  b o p  across  t e s t  section, 1b/sq f t  
r a t e  of heat  t r a n s f e r  t o  gas, Btu/hr 
ra te  of heat  conduction through tube w a l l  i n  axial  direct ion,  Btu/hr 
r a t e  of e l e c t r i c a l  heat  input t o  increment, Btu/hr 
ra te  of heat  l o s s  from t e s t  sec t ion  through r ad ia t ion  shields,  Btu/hr 
gas constant, f t- lb/(  lbmass) (OR) 
Reynolds number, GD/p 
r e s i s t ance  of t e s t  section, ohms 
heat - t ransfer  a rea  of t e s t  section, sq f t  
t o t a l  o r .  s tagnat ion temperature, OR 
average bulk temperature for an increment, (Tn + T M l ) / 2 ,  OR 
blackbody temperature, OR 
b r ightness  temperature (apparent temperature of nonblackbody ), OR 
average f i l m  temperature, (Ts + Tb)/2, OR 
bulk temperature of the gas en ter ing  an increment, OR 
bulk temperature of t h e  gas leaving an increment, OR 
temperature of an increment of t he  outs ide r ad ia t ion  shield,  OR 
average surface temperature of an increment, OR 
21 
apparent brightness temperature (apparent temperature of nonblackbody 
with view window interposed), OR 
static temperature, OR 
bulk velocity of gas, ft/hr 
gas f l o w ,  ~b/hr 
distance from entrance of test section, ft 
ratio of specific heats of gas 
normal total emissivity of inner radiation shield 
normal total emissivity of middle radiation shield 
normal total emissivity of outer radiation shield 
normal total emissivity of test section 
spectral emissivity 
wavelength (effective wavelength of small-target optical pyrometer 
filter), microns 
absolute viscosity of gas, lb/(hr) (ft ) 
density of gas, lb/cu ft 
average density of gas, (pl + pz)/R(tI + tZ), lb/cu ft 
resistivity of tungsten, pohm-in. 
S t e fan- B o 1  t zmann constant, 0.1 7 3~10’~ Btu/ ( hr ) ( f t ) ( OR ) 
spectral transmissivity of view windows 
Subscripts: 
b bulk (when applied to properties, indicates evaluation at average 
bulk temperature T-t,) 
film temperature T f )  
f film (when applied to properties, indicates evaluation at average 
S surface (when applied to properties, indicates evaluation at average 
surface temperature Ts) 
1 test section entrance 
2 test section exit 
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APPENDIX B 
METHOD O F  OFTICAL PYROMETER 
A s  mentioned i n  the  t ex t ,  the  temperature of mosrt of t he  t e s t  sec t ion  w a s  
measured with a small-target disappearing-filament o p t i c a l  pyrometer. It i s  
shown i n  the  appendix of reference 3 t h a t  from Wien's formula f o r  blackbody 
rad ia t ion  a r e l a t i o n  between the  t r u e  temperature of t h e  t e s t  sec t ion  and the  
br ightness  temperature ind ica ted  by t h e  pyrometer can be obtained, and the  re- 
l a t i o n  follows: 
where Tbb i s  the  t r u e  blackbody temperature of the  t e s t  section, T, i s  t h e  
measured temperature, EA i s  the  emissivi ty  of the t e s t  section, TA i s  the  
t ransmiss iv i ty  of any view windows interposed, A i s  the  wavelength of the  
optical-pyrometer f i l t e r  (0.650 micron), and C 2  i s  the  r ad ia t ion  constant 
(25,891 (micron)(OR)). 
The t ransmiss iv i ty  of any view windows can be determined very e a s i l y  by 
measuring the  temperature of a ca l ib ra t ion  lamp both with and without t he  win- 
dows and by in se r t ing  the  values obtained i n  the  equation 
where Tbr and TT a r e  the  temperature measured withbut and with the  view 
window interposed, respect ively.  The t r ansmiss iv i t i e s  of the 3/8-inch quartz 
view window on the  containment tank and the 1--inch upright o p t i c a l  g l a s s  
s a fe ty  window were measured experimentally and found t o  be 0.928 and 0.883, 
r e  spe c t i ve l y  . 
1 
4 
The spec t r a l  emissivi ty  of tungsten given i n  reference 1 6  was used along 
The w a l l  temperatures were p lo t t ed  as a 
with the  t ransmiss iv i ty  of t h e  windows t o  ca lcu la te  t he  w a l l  temperatures of 
the  t e s t  sect ion from equation (Bl). 
funct ion of dis tance from the  t e s t  sect ion entrance and then were in t eg ra t ed  t o  
determine the  average w a l l  temperature. The average w a l l  temperature w a s  a lso 
found by ca lcu la t ing  the  res i s tance  of t he  t e s t  sec t ion  from the  p o t e n t i a l  drop 
across  it and the  current.  The r e s i s t i v i t y  of the  t e s t  sect ion can be calcu- 
l a t e d  from the  equation 
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Fromthe  curve of r e s i s t i v i t y  as a funct ion of temperature i n  f igu re  6, the  
average temperature of the  t e s t  sect ion can be determined from the  r e s i s t i v i t y  
value. 
l e s s  than 5 percent f o r  most runs. 
The average w a l l  temperatures determined by the  two methods disagreed 
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Entrance ' E x i t  
tempera- temper- 
t u r e ,  a t u r e ,  
Tb,l, Tb,21 
0 R OR 
Average 
bulk 
temper- 
ature, 
Tb,av' 
721,898 
755,159 
910,013 
623,287 
657,314 
755,686 
1 2  556,552 
13 737,614 
1,286,243 
1,491,424 
407,601 12.08 11,100 3470 572 , 1193 883 
3597 572 ' 1361 967 
3262 5 72 1716 1144 
3576 1 573 I 2089 1331 
3950 562 1598 1080 
'LIABLE 11. - EXPERIMENTAL RFlSULTS 
( a )  For  complete t e s t  s e c t i o n  
I 
Run 
- 
Average 
s u r f  ace  
temper- 
a t u r e  of 
t e s t  sec-  
t i o n ,  
Ta, av, 
OR 
Gas Entrance 
flow, pres su re ,  
E x i t  
p r e s  sure ,  
p23 
l b  -
sq f t  abs 
Heat i npu t ,  
Btu 
a d s  , 
(hr)(sq f t )  
Current ,  P o t e n t i a l  
I, 
Heat 
t r a n s f e r ,  
Q/S 
Btu 
'(hr)(sq f t T  
*, P1' lb l b  
h r  Isq f t  ab' 
- -
I I OR 
Hydrogen 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 - 
3077 
3056 
3254 
2902 
3082 
3118 
3293 
3758 
2388 
2745 
28 22 
568 
568 
568 
563 
567 
560 
568 
5 70 
562 
565 
567 
852 
829 
891  
851 
868 
876 
928 
1323 
902 
983 
1052 
1768 
1559 
1954 
1744 
1803 
1836 
2120 
3950 
2040 
2444 
2731 
2.9 
2.83 
4 .0  
3.05 
3.45 
3.7 
4.0 
8.85 
3.6 
4.73 
4.98 
6 .91  8,621 
6.86 8,355 
7.04 9,118 
6.59 8,287 
6 .91  8,834 
6.95 8,978 
7 . 0 2 '  9,338 
1392 
1378 
1420 
1370 
1400 
1412 
1420 
1400 
1250 
1300 
1292 
1135 
1090 
1213 
1138 
1168 
1192 
1288 
2076 
1242 
1401 
1531 
Helium 
1974 
2461 
4262 
4516 
3315 
1158 
1164 
1120 
2.88 
4.10 
7.65 
9.22 
6.85 
1170  
1190 
Hydrogen 
990 
1175 
1352 
1474 
1643 
1332 
1529 
2403 
3231 
3954 
4351 
4701 
4136 
4749 
1 7  704,310 
18  1,035,350 
19 1,339,878 
20 1,621,332 
502,695 
714,972 
910,827 
1,047,031 
1,216,896 
1,451,306 
1 728,637 
3.89 
3.86 
3.79 
3.74 
5 .82  
5,864 
6,598 
7,253 
7 621 
8,053 
10,846 
11,393 
2048 557 
2105 560 
2134 562 
2199 562 
55 7 
3560 565 
1422 
1790 
2148 
2386 
2712 
2107 
2492 
1160 4 .2  
1185 6 . 1  
11 .2  L 
2733 
3516 
5248 
3348 
3348 
4236 
5216 
3830 807 912 a1010 a1115 a1220 a1340 a1460 a1600 
835 955 a1085 a1210 a1350 a1500 a1680 a l e g o  
860 993 a1175 "1340 "1520 a1715 a1925 2238 
a1755 
a213C 
2476 
12 572 
13 572 
14 577 
15 ,573 
16 562 
610 790 890 a995 a1080 a1160 a1250 a1360 a14801a1630 
625 810 920 a1005 a1080 a1170 a1310 a1500 a1730 a2220 
640 875 1040 2971 3769 4075 4486 4918 51761 5307 
810 1645 2520 "3600 4224 4701 5008 5099 5202, 5202 
650 880 1030 a1260 a1560 a1920 a2340 2855 32651 3866 
3360 
3977 
4186 
4536 
4162 
1400 580 
1625 595 
1710 610 
2040 650 
1850 620 
5060 
5248 
5471 
5086 5021 4511 1985 630 
5307 5255 4841 2195 640 
5544 5544 5229 2425 670, 
5380 5380 
5570/5623 
5380 5021 2275 655 
5623 5333 2550 680 
TABLE 11. - Continued. EXPERIMENTAL FU3SULTS 
( b )  Local ou ts ide  sur face  temperatures of t h e  t e s t  sec t ion  
Run Distanze from i n l e t ,  i n .  
16 8 
Hydrogen 
I I 1 1 1 
2283 
31920 
2476 
2193 
2339 
2339 
2936 
a5270 
2843 
4050 
4574 
1 1 568 630 
2 568 630 
3 568 635 
4 563 620 
5 567,625 
6 568 630 
8 570 690 
7 568 630 
4105 135941 1715 595 
4530,4186 2005 610 
5189 4803 2345,660 
4220 3684 1610 590 
4745 4224 1860 610 
4880 4361 1950 620 
5229 5281 5268 
a1940 2159 2385 
2351 2942 3492 
2936 3564 4149 
9 562 610 
10 565 625 
11 567 640 
Hydrogen 
4777, 4892 
5066 5073 
5255 5255 
5203 5281 
5445, 5412 
l l  I ' I  I I 
2601 3006 -4386 944 4606 957
5125 5099 
5307 5307 
5412 ' 5333 
54381 5386 
3588 
4733 
4995 
5131 
5386 
5333 
5412 
4050 
48 35 
5047 
5176 
5405 
5333 
5491 
433614517 (a4500/3842/ 16401 590 
4892 4880 4777 4087 1780 610 
4643 4828i 4969 
5047 5138 5216 
22 550 710 1135 1500 a2060 3147 
23 560 117601 27701 a39201 810 4765 
I 
I 
i 
aValues taken from fa i red  curves. 
Average 
ou t s ide  
su r f  ace 
temper- 
a t u r e  of 
Averagi 
bulk 
temp e r  . 
a t u r e  ( 
incremei 
TABLE 11. - Concluded. EXPERIMENTAL RESULTS 
( ? )  For increments 
Increment 1 Local Increment Local 
hea t -  
t r a n s f e r  
coe f f i c i en t ,  
h 
Average 
bulk 
temper- 
a t u r e  of 
l n c r  ement , 
Tb 
Average 
outs ide  
su r f  ace 
t emp e r  - 
a t u r e  of 
increment , 
TS 
hea t -  
t r a n s f e r  
c o e f f i c i  en t , 
h 
increment, 
TS 
Tb 
~ 
578 
602 
636 
676 
723 
779 
847 
933 
1045 
1122 
579 
603 
6 34 
669 
7 08 
754 
808 
878 
972 
1059 
578 
6 04  
640 
684 
736 
799 
877 
978 
1110 
1199 
Run 1 Run 4 
760 
950 
1090 
1235 
1410 
1635 
1930 
2370 
3080 
3120 
1077 
903 
848 
803 
7 7 1  
7 4 1  
719 
6 92 
649 
132 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1115 
8 8 1  
808 
773 
753 
7 31  
718 
6 90 
593 
1 9 1  
747 
940 
1090 
1235 
1395 
1585 
1845 
2276 
3173 
3049 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 
2 
3 
4 
5 
6 
7 
8 
9 
LO 
1 
2 
3 
4 
5 
6 
7 
8 
9 
LO 
573 
5 98 
632 
673 
720 
775 
8 4 1  
925 
1037 
1120 
R u n  2 Run 5 
7 42 
920 
1005 
1100 
1220 
1380 
1610 
2000 
2760 
2698 
1318 
936 
904 
883 
849 
8 1 1  
773 
722 
626 
403 
1 1 9 1  
929 
860 
823 
7 0 1  
7 6 1  
7 33 
714 
613 
247 
578 
603 
637 
677 
723 
846 
932 
1050 
1144 
778 
760 
945 
1080 
1220 
1370 
1600 
1915 
2340 
3360 
3267 
Run 3 Run 6 
769 
970 
1140 
1330 
1540 
1790 
2130 
2680 
3653 
3573 
1074 
925 
8 4 1  
7 90 
7 6 1  
741 
7 24 
712 
6 1 6  
124 
1208 
920 
8 7 1  
827 
8 0 1  
7 70 
7 44 
719 
6 2 1  
290 
747 
950 
1080 
1220 
1385 
1600 
1 9 1 0  
2410 
3440 
3507 
570 
5 96 
6 3 1  
6 7 1  
719 
774 
843 
932 
1055 
1159 ~. 
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TABLF, 11. - Concluded. EXPERIMENTAL RFSULTS 
( c )  Continued. For increments 
Average 
o u t s i d e  
s u r f a c e  
temper - 
a t u r e  of 
l nc r  em en t , 
Ts 
Average 
bulk 
temp e r  - 
a t u r e  of 
increment 
Tb 
5 75 
604 
648 
7 03 
773 
863 
987 
1146 
1337 
1419 
576 
606 
655 
7 20 
805 
919 
1073 
1264 
1476 
1559 
5 8 1  
607 
6 43 
688 
741  
807 
892 
1006 
1154 
1215 
Increment I Local Average 
bulk 
temper- 
a t u r e  of 
increment 
Tb 
578 
605 
642 
686 
7 40 
8 05 
889 
1003 
1155 
1264 
5 8 1  
6 24 
7 1 5  
865 
106 9 
1297 
1532 
1764 
1990 
2089 
5 7 1  
598 
638 
686 
744 
816 
908 
1027 
1 1 8 1  
1255 
Average 
ou t s  i de 
surf ace  
temper- 
a t u r e  of 
increment,  
hea t -  
t r a n s f e r  
c o e f f i c i e n t  , 
h 
h.eat- 
t r a n s f e r  
c oef f i c i  en t  , 
- 
h 
~ TS - 
- 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
-~ 
- 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
~ 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
Run 7 Run 10 
756 
980 
1155 
1340 
1555 
1840 
2280 
3070 
4200 
3884 
7 9 1  
1020 
1240 
1500 
1845 
2310 
2990 
3900 
4733 
4000 
1205 
917 
833 
972 
760 
7 4 1  
722 
672 
5 9 1  
18 2 
741  
7 4 1  
666 
623 
596 
580 
572 
512 
48 5 
-124 
Run 11 Run 8 
~ 
633 
716 
600 
537 
533 
556 
587 
627 
675 
-106 
668 
699 
619 
5 8 1  
569 
564 
499 
48 6 
490 
-153 
1 
2 
3 
4 
5 
6 
7 
8 
9 
0 
889 
1460 
2515 
4060 
4880 
5190 
5275 
5270 
5215 
4529 
787 
1070 
1375 
1715 
2130 
2760 
3800 
4580 
4947 
4124 
Run 9 Run 1 2  
~ 
836 
7 20 
655 
616 
5 9 1  
576 
563 
536 
47 3 
-82 
738 
940 
1090 
1250 
1455 
1730 
2151 
2950 
4000 
3356 
1 
2 
3 
4 
5 
6 
7 
8 
9 
0 
~ 
772 
634 
599 
565 
5 38 
520 
507 
441  
382 
-135 
740 
960 
1135 
1330 
1565 
1865 
2265 
2905 
3889 
3556 
30 
TABLE 11. - Concluded. EXPERIMENTAL RESULTS 
( e )  Continued. For increments 
Incr  ement 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 
2 
3 
4 
5 
6 
7 
8 
9 
LO 
1 
2 
3 
4 
5 
6 
7 
8 
9 
LO 
Local 
hea t -  
t r a n s f e r  
coef f i c l e n t ,  
h 
603 
6 34 
613 
565 
5 14 
478 
428 
3 7 1  
344 
-168 
330 
452 
296 
303 
28 3 
273 
273 
285 
286 
-763 
118 
355 
344 
339 
353 
375 
390 
409 
43 7 
-557 
Average 
ou t s ide  
su r face  
temper- 
a t u r e  of 
increment, 
TS 
Run 1 3  
75 6 
950 
1090 
1310 
1685 
2250 
3190 
4356 
5022 
3889 
Run 1 4  
8 3 1  
2000 
3720 
4560 
5080 
5380 
5520 
5520 
5556 
4151 
Run 15 
1436 
3044 
4351 
5036 
5190 
5245 
5330 
5400 
5370 
4453 
Average 
bulk 
temper- 
a t u r e  ol 
incremenl 
% 
580 
605 
643 
692 
756 
845 
970 
1137 
1328 
1394 
580 
643 
777 
954 
1153 
1353 
1550 
1745 
1936 
1873 
5 8 1  
659 
827 
1037 
1 2 6 1  
1490 
1720 
1 9 5 1  
2180 
2192 
Increment 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
Local 
hea t -  
t r a n s f e r  
Zoef f ic ien t ,  
h 
Average 
outs ide  
su r face  
temper - 
a t u r e  of  
L nc r  emen t , 
TS 
Run 16 
173 
565 
48 5 
441  
423 
402 
371  
366 
392 
-412 
Run 
625 
5 8 1  
553 
542 
513 
462 
429 
405 
409 
-267 
419 
5 48 
48 3 
445 
413 
404 
416 
436 
463 
-522 
800 
1150 
1630 
2330 
3190 
4130 
4990 
5431 
5364 
4036 
.7 
751  
985 
1165 
1390 
1730 
2400 
3200 
4090 
4529 
3578 
Run 18 
800 
1185 
1710 
2480 
3440 
4240 
4655 
4840 
4862 
3773 
Average 
bulk 
temp e r  - 
a t u r e  o 
Lncremen 
Tb 
~- 
565 
5 9 1  
648 
7 34 
857 
1019 
1212 
1421  
1633 
1669 
567 
596 
641  
6 98 
771  
873 
1014 
1196 
1407 
146 9 
. ._ 
568 
6 04 
675 
782 
936 
1135 
1362 
1600 
1835 
1871  
31 
TABLE 11. - Concluded. EXPERIMENTAL RESULTS 
hcrement  
1 
2 
3 
4 
5 
6 
7 
8 
9 
-0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
.o 
1 
2 
3 
4 
5 
6 
7 
8 
9 
0 
Local 
hea t -  
t r a n s f e r  
zoef f i c i e n t ,  
h 
25 7 
449 
396 
391 
398 
421 
45 2 
480 
515 
-592 
186 
423 
403 
419 
441 
46 9 
5 10 
549 
579 
-778 
173 
427 
422 
448 
48 1 
5 23 
570 
619 
653 
-728 
( c ) Concluded. 
Aver age 
o u t s i d e  
s u r f a c e  
temper - 
a t u r e  of 
increment,  
TS 
Run 19 
1018 
2010 
3230 
4220 
4730 
4910 
4980 
5050 
5070 
4182 
Run 20 
1342 
2850 
4190 
4820 
5025 
5110 
5130 
5 200 
5285 
4476 
Run 21 
1707 
3550 
4742 
5150 
5250 
5300 
5340 
5415 
5560 
4867 
Average 
bulk 
temper- 
a t u r e  of 
increment 
Tb 
572 
637 
776 
974 
1210 
1461 
1714 
1964 
2208 
2235 
575 
670 
870 
1127 
1408 
1689 
1965 
2236 
2501 
2509 
591 
718 
972 
1275 
1591 
1902 
2206 
2506 
2803 
2831 
For increments  
Increment 
- 
- 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
- 
- 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
- 
Local  
hea t -  
t r a n s f e r  
- o e f f i c i e n t ,  
h 
Average 
out  si de 
surf ace  
temper- 
a t u r e  of 
Lncr em en t , 
TS 
Run 22 
370 
649 
574 
528 
5 32 
554 
601 
639 
675 
-25 6 
Run 23 
206 
561 
534 
563 
597 
6 42 
6 93 
737 
777 
-368 
1022 
1760 
2990 
4370 
5 133 
5391 
5330 
5350 
5390 
4702 
1529 
3310 
48 44 
5 305 
5420 
5420 
5420 
5505 
5610 
5084 
Average 
bulk 
temper- 
a t u r e  o f  
increment 
Tb 
566 
616 
726 
896 
1112 
1350 
1591 
1827 
2058 
2139 
576 
673 
878 
1134 
1406 
1678 
1943 
2203 
2461 
2541 
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